Introduction
Significant reduction of environmental burden has become an essential issue in the research and development of thermoelectric materials. 1) Lead-free eco-materialization is a keyword in the materials design, so that new system must be explored to be working instead of Pb-Te and TAGS, which are typical thermoelectric materials in the middle range of operating temperature. Light-weight design is also necessary together with a fundamental design aiming at higher figure-of-merit. Magnesium base thermoelectric materials are promising candidates to satisfy the above requirements. 2) In the conventional approach, these magnesium base alloys and compounds were fabricated by the melting and solidification method. As pointed out in Ref. 3) , this approach suffers from many difficulties in practice: relatively high melting point, chemical interaction with constituents of crucible or various contaminations. Since magnesium has high vaporizing pressure and Si and Ge have high melting point, it is difficult to accurately control the molar ratio among Mg, Si, Ge and Sn. In addition, the element in the IV family is easy to react with crucible. Mechanical milling and grinding have been also utilized for fabrication of sintered specimens. 4, 5) Hot pressing and spark plasma sintering were used at relatively high temperature for fabrication of dense materials. 4) Among Mg 2 X (X ¼ Si, Ge, Sn and Pb) with the structure of Fm3m, Mg 2 Si, Mg 2 Ge and Mg 2 Sn are semi-conductive while Mg 2 Pb is metallic. 6) Their electric properties have been explored since their energy band is fully filled by covalent electrons. 7) In addition to the fundamental studies on the thermoelectric properties of Mg 2 X, their solid solution systems were also high-lighted in the literature. 8) Among them, Mg 2 Si-Mg 2 Ge system has complete solid-solubility, so that the thermoelectric properties are designable with variation of germanium concentration. [9] [10] [11] In the present study, the bulk mechanical alloying (BMA) is applied to the solid-state synthesis of ternary, semiconductive solid solution, Mg 2 Si 1Àx Ge x at the room temperature. This process was successfully used to yield various magnesium base alloys and compounds: e.g., solid-state synthesis of Mg 2 Si 12,13) and non-equilibration of Mg 2 Ni and Mg 2 Co. [14] [15] [16] In addition, BMA with hot pressing (HP) or hot extrusion has become a new processing to make anisotropic control of crystalline structure for improvement of thermoelectric properties in Bi-Te systems. [17] [18] [19] [20] Although the synthesis of Mg 2 Si 1Àx Ge x was made by the melting and solidification method, 10, 11) no reports were found for its solidstate synthesis at room temperature. In the present approach, magnesium is free from vaporizing and Si or Ge are also impossible to react with other constituents than Mg at room temperature. The designable solid solution is synthesized to have the same concentration as the initial molar ratio among Mg, Si and Ge. BMA and HP conditions for this solid-state synthesis are optimized to have fine, homogeneous microstructure with high relative density. The thermoelectric properties are measured to investigate the effect of germanium concentration on the thermoelectricity of Mg 2 Si 1Àx Ge x . With increasing the germanium concentration, p-n transition takes place at x ¼ 0:35. Mg 2 Si 0:6 Ge 0:4 has the highest figure merit of 0:34 Â 10 À3 K À1 for the temperature range of 550 < T < 650 K as a p-type semi-conductive material without dopants.
Experimental Procedure
According to the molar ratio of Mg 2 Si 1Àx Ge x for various germanium content, x, the elemental powders of Mg (99.9% in purity, 100 mm in diameter), Si (99.99% in purity, 20 mm in diameter) and Ge (99.99% in purity, 100 mm in diameter) were prepared, blended and mixed. In the present experimental study for solid-state synthesis, the bulk mechanical alloying (BMA) was utilized to synthesize the ternary solid solution of Mg 2 Si 1Àx Ge x . The powder mixtures were blended homogeneously and then subjected to bulk mechanical alloying in a flowing argon atmosphere to prevent the powder compact from oxidation. As had been stated elsewhere, 21 ) the pass schedule with one forward extrusion mode and two compression modes was employed for cyclic loading in the laboratory-scaled BMA equipment. Hot pressing technique was employed for fabrication of brick-type and The Thermoelectrics Society of Japan disc-shaped samples for measurement of thermoelectric properties. After pulverizing BMA compact and sieving by the mesh of #270, the BMA powders were sintered at different hot pressing conditions in a stainless steel die under an argon atmosphere. Typical disc-shaped sample after hot pressing has 10 mm in diameter and 2-3 mm in thickness. Both as-BMA perform and hot-pressed sample are shown in Fig. 1 . The process conditions for bulk mechanical alloying and hot pressing are summarized in Tables 1 and 2 , respectively.
The BMAed powders at N ¼ 600 were hot pressed at different temperature and pressure conditions to study the effect of hot pressing condition on the thermoelectric properties of Mg 2 Si 1Àx Ge x . The electrical conductivity increases monotonically with increasing the hot pressing temperature from 673 to 773 K and with increasing the pressure from 500 MPa to 1 GPa. This implies that higher electrical conductivity, , is attained by increasing the relative density, R : e.g. (613 K) = 5:6 Â 10 3 W À1 m À1 for R ¼ 99:4% when hot pressing at 773 K by 1 GPa, and, (613 K) = 2:1 Â 10 2 W À1 m À1 for R ¼ 98:1% when hot pressing at 673 K by 500 MPa. In our experiment, even by further increasing the hot pressing temperature and pressure over 773 K and 1 GPa, no significant improvement was observed in electrical conductivity. Hence, in the following experiments, T ¼ 773 K and P ¼ 1 GPa was employed as an optimum hot pressing condition.
X-ray diffraction (XRD) analysis with the monochromatic Cu k radiation was used to describe the solid solution formation by BMA. The differential thermal analysis (DTA) was carried out to explore the onset temperature of solid-state reaction during BMA process with the heating rate of 20 K/ min up to 1073 K in an argon atmosphere. Scanning electron microscopy (SEM) with the energy dispersive X-ray spectroscopy (EDX) was utilized to observe the microstructure and to determine composition of BMAed samples.
The samples for electrical measurement were cut out from the sintered pellets: a rectangular bar with the size of 2 Â 2 Â 8 mm 3 for measurement of the Seebeck coefficient and the electrical conductivity, and, a circular disc with the diameter of 10 mm and the thickness of 2 mm for measurement of thermal conductivity. These two types of samples for thermoelectric property measurement are shown in Fig. 2 . The thermoelectric properties were evaluated from room temperature up to about 700 K. The Seebeck coefficient, , and the electrical conductivity, , were simultaneously measured by the four-probe dc method in helium atmosphere, using the computer-controlled equipment. The thermal diffusivity, D, and the specific heat capacity, C p , were measured by the laser flash method, using a thermal constant analyzer (ULVAC TC-7000) in vacuum. The thermal conductivity, , was calculated from the measured thermal diffusivity, specific heat capacity and bulk density, d:
The bulk density of the hot pressed sample was measured by the Archimedes method.
Experimental Results

Solid state synthesis of Mg 2 Si 1Àx Ge x
In order to investigate the solid-state reaction during BMA, variation of XRD profiles was measured at the specified number of cycles (N) in BMA. Figure 3 depicted the change of XRD patterns for BMAed samples with the initial molar Number of BMA cycle, N 100, 200, 300, 400, 500, 600
Relative density 80% Solid-State Synthesis of Thermoelectric Materials in Mg-Si-Ge Systemratio equivalent to Mg 2 Si 0:6 Ge 0:4 at N ¼ 0, 100, 200, 300, 400, 500 and 600. Peaks for Mg (hcp-structured with a ¼ 0:3209 nm and c ¼ 0:5211 nm), Si (diamond-structured with a ¼ 0:5431 nm) and Ge (diamond-structured with a ¼ 0:5658 nm) were detected in the blended sample at N ¼ 0. Peak intensities of these elements reduced with increasing the number of cycles for N < 300. The peaks for cubicstructured Mg 2 Si 0:6 Ge 0:4 solid solution phase were detected for N > 300. When N ¼ 500, most of peaks for Mg, Si and Ge diminished in the trace level; the single phase of Mg 2 Si 0:6 Ge 0:4 was synthesized when N ¼ 600. DTA was also employed to describe the solid-state reaction behavior. Figure 4 depicted the variation of DTA profiles with N. When N ¼ 0 or for the as-blended powder mixture, an exothermic peak as well as two endothermic peaks were distinctly detected. This exothermic peak corresponds to the formation of Mg 2 Si and Mg 2 Ge from the elemental powder mixture. Two endothermic peaks respectively correspond to the melting of magnesium and germanium. Detection of the first endothermic peak for N < 300, reveals that unreacted magnesium is still left in the sample. As had been found in Refs. 13, 22) , the onset temperature to ignite the reaction to Mg 2 Si and Mg 2 Ge is shifted to the lower temperature side with increasing the number of cycles. When N ¼ 500, no exothermic nor endothermic peaks were seen in DTA. No difference was recognized in DTA diagram between two samples at N ¼ 500 and N ¼ 600. This also assures that the initial, elemental powder mixture is fully reacted in solid to Mg 2 Si 0:6 Ge 0:4 . The BMEed sample at N ¼ 600 has compositions of Mg 66.4 at%, Si 20.4 at% and Ge 13.2 at%. This assures that the solid state synthesis from elemental powder mixture provides accurate composition of solid solution. Figure 5 compares the XRD patterns of the solid-state synthesized Mg 2 Si 1Àx Ge x for 0:0 < x < 1:0 via BMA at N ¼ 600. It is to be noted that their peak positions should be shifted to lower angle side with increasing the germanium content, x. The lattice parameter of each Mg 2 Si 1Àx Ge x for 0:0 < x < 1:0 was calculated to describe the solid solution formation. The present results were depicted in Fig. 6 together with the reference data. The solid line denotes for the theoretical estimate by Vegard's law. The present results are in fairly good agreement with reference data. Different from the melting methods, the present solid-state synthesis is free from various difficulties to yield any solid solutions with Mg 2 Si 1Àx Ge x for germanium content, x.
3.2 Effect of germanium content on the thermoelectricity Variation of the Seebeck coefficient, , with temperature was depicted in Fig. 7 for Mg 2 Si 1Àx Ge x samples, hot-pressed at 773 K by 1 GPa. Its absolute value jj decreases with temperature irrespective of the germanium content, x, since the number of carriers increases by thermal activation. The highest Seebeck coefficient is attained at room temperature for Mg 2 Si and Mg 2 Si 0:6 Ge 0:4 : e.g., jj ¼ 800 mV/K. Here to be interested is a p-n transition between x ¼ 0:2 and x ¼ 0:4. When x ¼ 0:2, is negative and both Mg 2 Si 0:8 Ge 0:2 as well as Mg 2 Si are n-type. turns to be positive for x > 0:4 and Mg 2 Si 1Àx Ge x becomes p-type. The temperature dependence of the electrical conductivity for Mg 2 Si 1Àx Ge x samples was shown in Fig. 8 . In all the samples, the electrical conductivity increases monotonically with temperature, T, in the range of 300 K < T < 700 K. Among the samples, Mg 2 Si 0:6 Ge 0:4 has the highest electrical conductivity, while Mg 2 Si has the lowest value. Refs. 3, 10, 11) reported that electrical conductivity of Mg 2 Si 0:6 Ge 0:4 prepared by melting and solidification has minimum at the vicinity of 500 K. This difference between two processes must be further studied with consideration of the sensitivity of thermoelectricity to germanium concentration.
As had been pointed out in Ref. 8) , the phonon thermal conductivity ph of Mg 2 Si 1Àx Ge x has a unique sensitivity to the germanium concentration, x. After Refs. 3, 8) , it has absolute minimum at the vicinity of x ¼ 0:5 irrespective to the holding temperature, and, its minimum value decreases monotonically with temperature and converges to 2.0 W/ mÁK. Figure 9 compared the measured thermal conductivity with the above reference data. As estimated in the above, the measured thermal conductivity has minimum around x ¼ 0:5 and its minimum value decreases monotonically with temperature. Different from Ref. 8), the measured thermal conductivity is not so sensitive to germanium concentration, x.
Variation of the figure of merit Z ( 2 =k) for Mg 2 Si 0:6 -Ge 0:4 , was depicted in Fig. 10 in the function of temperature. Since the thermal conductivity decreases with temperature, the figure of merit increases monotonically with T and has maximum for 550 < T < 650 K: e.g., Z ¼ 0:34 Â 10 À3 K À1 at 613 K.
Discussion
Solid state synthesis in magnesium base system
Variation of XRD profiles with increasing the number of cycles in Fig. 3 shows that peaks for Mg 2 Si 0:6 Ge 0:4 appear after a certain number of cycles. This implies that solid state reaction commences posterior to refinement of silicon and germanium particle size down to a critical one. Mg-Si binary system is employed for simplicity to quantitatively describe this solid state reactivity to Mg 2 Si by using the thermal analysis data.
After Ref.
23), refinement of silicon particle in the nonreactive metallic matrix like pure aluminum is described by
where R 0 is the initial radius of silicon particle and a, the proper constant. Except for the early stage with N < 100, eq. (1) is approximated by Solid-State Synthesis of Thermoelectric Materials in Mg-Si-Ge System
where A is the proper coefficient: e.g., A ¼ 0:001 per a cycle in Fig. 11 . After the Kolomogov-Johnson-Mehl-Avrami (KJMA) equation, 24) the formation enthalpy ratio of is employed as a volume fraction parameter in KJMA equation to represent the solid-state reactivity: e.g. ¼ 1 denotes for the elemental powder mixture without any compounds, and, ¼ 0, the fully reacted compound. To describe the enhancement of reactivity by refinement process with time, is related with increasing fresh interface area by
where ÁH f is the formation enthalpy for mechanically induced self-heating reaction by application of cyclic loading in BMA, ÁH f 0 , the formation enthalpy of elemental powder mixture when N ¼ 0, S, the increasing fresh surface area fraction of silicon particle in the magnesium matrix, S 0 , the initial surface area fraction of silicon particle at N ¼ 0, and, , the power exponent. Assume that a silicon spherical particle with the initial radius of R 0 in the unit volume of magnesium matrix is fractured to n smaller spherical particles with the radius of R by application of cyclic loading in N times. Since S ¼ 4nR 2 , S 0 ¼ 4R 0 2 and n ¼ ðR 0 =RÞ 3 , S=S 0 ¼ R 0 =R. Substituting this into eq. (3) with eq. (2),
From the exothermic peak in DTA diagram, the formation enthalpy of reaction (ÁH f ) was estimated for each BMA sample. When N ¼ 0, the measured formation enthalpy of Mg 2 Si from DTA diagram was ÁH f 0 ¼ 68 kJ/mol while ÁH f ¼ 77:3 kJ/mol in Ref. 25) . This difference between two comes from the fact that the exothermic peak intensity measured from DTA diagram was underestimated by overlapping of endothermic peak on it. The formation enthalpy ratio () was defined here as ¼ ÁH f =ÁH f 0 for each BMA sample in Mg-Si system. The formation enthalpy ÁH f was also measured from DTA diagram at each N. Corresponding to the theoretical estimate, decreases exponentially with N. Since approaches to nearly zero for N > 500, the sample is completely solid-state synthesized at room temperature to Mg 2 Si at N ¼ 600.
The formation enthalpy ratio of was logarithmically plotted against the number of cycles (N) in Fig. 12 . From the measured variation of silicon particle size with N, R 0 =R ratio was calculated at each N to estimate the logarithmic variation of with N. The power exponent of was parametrically varied to determine its optimum value; the theoretical estimate by eq. (4) was in good agreement with the experimental results when ¼ 0:78. In Mg-Si system, enhancement of solid-state reactivity via BMA, is described by the theoretical model:
Higher value of implies that the solid-state reactivity from the elemental powder mixture to Mg 2 Si is enhanced directly by refinement process. That is, fresh interface formation between silicon particles and magnesium matrix mainly drives the enhancement of solid-state reactivity.
Band gap
The band gap (Eg) is one of the most important parameters for design of thermoelectric semi-conductive materials. After Ref. 26) , Eg is estimated by the slope when logarithmically plotting the electrical resistivity () against the reciprocal temperature:
where K B is the Boltzmann constant, and A, the material constant.
Variation of the band gap for Mg 2 Si 1Àx Ge x was shown in Fig. 13 in the function of the germanium content, x. After Refs. 3, 6, 27) , Eg for Mg 2 Si ¼ 0:7 eV and Eg for Mg 2 Ge ¼ 0:55 eV. The present results are in fairly good agreement with these reference data: Eg (for Mg 2 Si) = 0.71 eV and Eg (for Mg 2 Ge) = 0.54. In Fig. 13 , the band gap is significantly sensitive to x, which suggests that thermoelectricity is controlled by x in Mg-Si-Ge system.
PN-transition in Mg 2 Si 1Àx Ge x
Thermoelectric semi-conductive solid solution is often characterized by the pn-transition. As discussed in Ref. 28 ), (Bi 1Àx Sb x ) 2 Te 3 has a unique, Sb-content dependent pntransition for bulk polycrystalline and mechanically alloyed solid solutions. This transition was never reported for thin films and bulk single crystals. In the case of Mg 2 Si 1Àx Ge x , pn-transition was first reported in Ref. 8) . No further data for 1494 T. Aizawa, R. Song and A. Yamamoto 0:5 < x < 1:0 were reported in the previous studies 8, 10, 11) because of deliquescene in the above concentration range by the melting method. As before-mentioned, there is no limitation to control the germanium concentration by the solid state synthesis. Hence, the germanium content dependency of pn-transition is thought to be directly described by the present method. Figure 14 shows the variation of roomtemperature Seebeck coefficient of Mg 2 Si 1Àx Ge x samples. The critical germanium content, where pn-transition takes place, is about x ¼ 0:35. Variation of Seebeck coefficient with germanium alloying level is related to the change in the electronic structure near the Fermi energy. The Boltzmann theory 29) suggests that the Seebeck coefficient is optimized for the material which has rapid variation on electronic conductivity within a few k B T of the Fermi energy. Hence, an unusual band structure or steep band edge near the Fermi energy is favorable for improvement of Seebeck coefficient. The complicated change in Seebeck coefficient with germanium content in Fig. 15 , indicates the solid solution gives rise to complex band structures in the ternary Mg-Si-Ge system, especially at the vicinity of x ¼ 0:35. At least at room temperature, the most favorable band structure is developed at x ¼ 0:4, which corresponds to the maximum Seebeck coefficient in p-type.
As a stoichiometric compound, Mg 2 Si shows always ntype semi-conductivity, independent of Mg composition.
Mg 2 Ge is sensitive to Mg composition: it has p-type conduction at the Mg-rich state while it has n-type one at the Mg-deficient state. In the present method, bulk mechanical alloying results in a high density of point defects and Mg/Ge vacancies in the alloyed perform. These defects cannot be completely annealed out during the hot pressing process. It is possible that the remaining defects have considerable influence on the transport properties of the final products, related to the above pn-transition.
Conclusion
Bulk mechanical alloying was successfully applied to make solid-state synthesis of Mg 2 Si 1Àx Ge x from elemental powder mixture at the room temperature in a relatively short time for any germanium contents. This successful solid state synthesis is driven by homogeneous refinement of silicon and germanium particle size and simultaneous reactivity during BMA. Using the dense single phase, brick and disc-shaped samples, the thermoelectric properties were measured for various germanium content, x, in Mg 2 Si 1Àx Ge x . The electrical conductivity and the Seebeck coefficient are significantly controlled by x. Highest figure of merit can be attained in the middle of temperature, 500 < T < 650 K: e.g., Z ¼ 0:34 Â 10 À3 K À1 at 610 K. At the vicinity of x ¼ 0:35, pntransition takes place; n-type semi-conductivity abruptly changes to p-type one. Since the temperature dependency of Seebeck coefficient is insensitive to germanium content both for x < 0:2 and x > 0:4, the band structure is thought to be fixed both in n-type and p-type semi-conductive materials. Variation of Seebeck coefficient with temperature is complex for 0:2 < x < 0:4. This reveals that band structure becomes much complex in this specified range of germanium content. Both pn-transition and complex band structure are characteristic to this intrinsic ternary thermoelectric solid solution.
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